Purpose: Apoptotic protease-activating factor-1 (APAF-1) and cathepsin B are important functional proteins in apoptosis; the former is involved in the intrinsic (mitochondrial) pathway, while the latter is associated with both intrinsic and extrinsic pathways. Changes in the expression of apoptosome-related proteins could be useful indicators of tumor development since a priori defects in the mitochondrial pathway might facilitate the inception and progression of human neoplasms. Our aim was to evaluate the profiles of APAF-1 and cathepsin B in relation with other molecules involved in apoptosis/proliferation and to correlate them with the aggressive behavior of invasive pituitary adenomas. Materials and methods: APAF-1 and cathepsin B were assessed in tissue samples from 30 patients with pituitary adenomas, of which 16 were functional adenomas and 22 were invasive adenomas. Results: A positive relationship between high proliferation and invasiveness was observed in invasive pituitary adenomas when compared to their noninvasive counterparts (Ki-67 labeling index -4.72% versus 1.75%). Decreased expression of APAF-1 was recorded in most of the invasive adenomas with a high proliferation index, while the cathepsin B level was elevated in this group. We have noticed a negative correlation between the low level of APAF-1 and invasiveness (63.63%; P0.01); at the same time, a positive correlation between cathepsin B expression and invasiveness (59.09%; P0.01) was found. In all, 81.25% out of the total APAF-1-positive samples were cathepsin B negative (P0.01); 76.92% out of the total cathepsin B-positive samples were APAF-1-negative (P0.01). These results were reinforced by an apoptosis protein array examination, which showed inhibition of the extrinsic apoptotic pathway in an invasive pituitary adenoma. Conclusion: A bidirectional-inverted relationship between APAF-1 and cathepsin B expressions was noticed. One might hypothesize that shifting the balance between mediators of cell death could result in changes in tumor behavior.
Introduction
Pituitary adenomas (PAs) are common tumors of the pituitary gland, accounting for approximately 15% of total primary intracranial tumors. [1] [2] [3] [4] [5] [6] While most of the PAs are known to exhibit slow growth, approximately one-third of PAs can exhibit an aggressive behavior, characterized by fast invasive cell growth, followed by subsequent invasion of the surrounding tissues. The underlying biological processes that trigger the invasive behavior of PAs include the balance between proliferation and apoptosis. [7] [8] [9] Because of the limited number of studies, little is known about the regulation and significance of apoptosis in PAs. 8, [10] [11] [12] 
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The ability to maintain a balance between the rate of proliferation and programmed cell death is of paramount importance in regulating tissue homeostasis and organ architecture. Disruption of this equilibrium is closely connected to the commencement and development of many types of cancers, and it represents a valuable target for antitumor therapy. 13, 14 Several markers have been shown to correlate apoptosis or proliferation with the biological features of tumor cells. Thus, the World Health Organization refers to Ki-67 and p53 as potential indicators of aggressive behavior of PAs. 15 Previous studies examined the hidden correlations between p53 and Ki-67 expression and the invasive features of PAs, but they did not reach a consensus. 3, 15, 16 The available data suggest that these markers cannot function as independent prognostic factors of tumor invasiveness. Therefore, disclosure of new markers may highlight the relationship between the invasiveness, proliferation, and apoptosis in PAs. Although current results are not entirely consistent, it has been shown that apoptosis occurs with low frequency in PAs. 17, 18 The most important pathways involved in apoptosis are the intrinsic (or the mitochondrial) and the extrinsic (or the death ligand) pathways. Apoptotic protease-activating factor-1 (APAF-1) and cathepsin B are important components of these apoptotic pathways. 19, 20 On the one hand, APAF-1 is the main component of the apoptosome, a platform required for caspase 9 activation. 21 The induction of the intrinsic pathway involves both the release of cytochrome C from the mitochondria, and the formation of the oligomeric apoptosome by binding with cytosolic APAF-1, deoxyadenosine triphosphate, and caspase 9. Further activation of other caspases leads to programmed cell death. 22 Over-or underexpression of apoptosome-related proteins might be good indicators of tumor development, since a priori defects in the mitochondrial apoptotic pathway might favor the initiation and progression of human neoplasms. Deregulation of apoptosome has been demonstrated in various forms of human cancer, and it may play a role in both carcinogenesis and chemoresistance. 23 Cathepsin B, a lysosome cysteine protease, was mostly studied in relationship with its overexpression in various cancers, degrading the extracellular matrix molecules and altering the balance between matrix metalloproteinases and their inhibitors. 24 Overexpression of cathepsin B was found in brain tumors, especially high-grade gliomas, and it was also correlated with invasive cancer phenotype and poor prognosis due to its contribution to the change of the extracellular matrix. 25 Knockout studies in mice related this protein with tumor necrosis factor (TNF)α-induced apoptosis (the extrinsic pathway). 26 Cathepsin B might be involved in malignant cell biology at different stages, ranging from tumor invasion, through to extracellular matrix degradation, to intracellular proteolysis. 27 The roles of APAF-1 and cathepsin B in the development of PAs and their involvement as putative markers in proliferation or apoptosis are currently not well understood. The specific aim of the present study was to evaluate the profiles of APAF-1 and cathepsin B in relation to the other molecules involved in apoptosis/proliferation and to correlate them with the aggressive behavior of invasive PAs.
Materials and methods
Patients and specimens
PA tissue samples were obtained from patients undergoing surgical procedures at the Neurosurgical Unit of BagdasarArseni Hospital, Bucharest. Written informed consent was obtained upon sample prelevation according to the Declaration of Helsinki, and the study was approved by the local ethics committee. For each patient, clinical parameters such as age, sex, and radiological and histological exam of the PA's invasiveness state were collected. The study was performed on tissue samples from 30 patients with PAs, of which 16 adenomas were functional, and 22 adenomas presented invasive capacity. Tissue samples were formalin fixed and embedded in paraffin for immunohistochemical analysis. In order to perform the Proteome Profile Apoptosis Array, tissue samples were stored at −80°C until analysis.
histopathology and immunohistochemistry
The slides from paraffin-embedded tumor tissue (3 μm thin) were stained with hematoxylin and eosin and were examined by light microscopy in order to establish the histological type of the adenoma and the extent of invasion in the neighboring tissue. Immunohistochemistry was performed on the paraffinembedded samples using the EnVision TM + Dual Link System Peroxidase kit (Dako Denmark A/S, Glostrup, Denmark), according to the manufacturer's instructions and following the protocol of our previous studies. 7, 27 Primary antibodies against the following antigens were used: p53 (clone DO-7, 
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aPaF-1 and cathepsin B for pituitary adenoma therapy of positive tumor cells was: 1 for 0%-25%; 2 for 26%-50%; 3 for 51%-75%; and 4 for 76%-100%. The staining intensity was stratified on a scale of 0-3 (0 for no staining, 1 for weak immunoreactivity, 2 for moderate immunoreactivity, and 3 for strong immunoreactivity). The intensity and percentage scores were then multiplied to obtain a composite score, 28 which was defined as negative for scores 6 and positive for scores 6. Negative controls were processed by replacing the secondary antibody with phosphate buffered saline or by omitting the primary antibody.
Protein extraction and apoptosis profile assessment
The apoptosis-related proteins (including Bcl-2, Bax, Bad, procaspase-3, cleaved caspase-3, cytochrome C, TRAIL-R1/DR4, TRAIL-R2/DR5, FADD, Fas/TNFRSF6/CD95, HTRA2/Omi, p21/CIP1/CDKN1A, p27/Kip1, phospho-p53
, SMAC/Diablo, survivin, and TNF-R1/TNFRSF1A) were measured using the Proteome Profiler Human Apoptosis array kit (R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's instructions. Tissue samples were homogenized in lysis buffer with a 1% protease inhibitor cocktail (Sigma-Aldrich Co., St Louis, MO, USA). After 30 minutes of incubation on ice, the protein concentration was quantified using the Coomassie (Bradford) Protein Assay Kit (PIERCE). Equal amounts of proteins (300 μg) from invasive and noninvasive tumor samples were incubated with the apoptosis array overnight at 4°C. After the washing of unbound proteins, a detection antibody cocktail was added to the membranes and incubated for 1 hour. Finally, streptavidinhorseradish peroxidase and Chemi Reagent Mix were used to reveal apoptosis-related proteins by chemiluminescence. Array images were scanned using MicroChemi 4.2 (Berthold Technologies, Chennai, India) and analyzed by ImageJ software.
Western blot
Tissue lysates containing the same amount of protein (25 μg) for each experimental condition were loaded on a 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel. Electrophoresis was run at 20 mA/gel and separated proteins were subsequently blotted on polyvinylidene fluoride membranes at 100 V for 90 minutes on ice. After overnight blocking with nonfat dry milk (5%), membranes were incubated for 1 hour with primary antibodies: APAF-1 (1 μg/mL; R&D Systems, Inc.), cathepsin B (1 μg/mL; Leica Microsystems), and β-actin (1 μg/mL; Santa Cruz Biotechnology Inc., Dallas, TX, USA). After a 1-hour incubation period in suitable secondary antibody (goat antimouse, 1:10,000 dilution; Santa Cruz Biotechnology Inc.), membranes were incubated for 3 minutes in ECL solution (Thermo Fisher Scientific, Waltham, MA, USA) and exposed to film.
statistical analysis
Differences between sample groups were analyzed using Student's t-test. Data were considered statistically significant at P0.05. The chi-square test (χ 2 ; P-value) was used to determine the significance of the association between APAF-1 expression, cathepsin B expression, and proliferation tumor markers or clinical parameters. Analyses were performed using SPSS 16.0 software (IBM Corporation, Armonk, NY, USA).
Results
During tumor development, a modified balance between proliferation and apoptosis occurs; we explored this altered equilibrium in PAs, as these tumors might become aggressive through their invasiveness. Our study examined several apoptotic molecules, mainly APAF-1 and cathepsin B, in correlation with the invasive behavior of these tumors.
conventional proliferation markers
We noticed a positive correlation between proliferation activity -Ki-67 labeling index (LI) and invasive PAs when compared with their noninvasive counterparts (Ki-67 LI -4.72% versus 1.75%; P0.01), using a threshold of 3% for Ki-67 LI. 29 A difference in Ki-67 LI relating to functionality was recorded − 5.14% in functional versus 3.70% in nonfunctional adenomas (P0.05). In this study, p53 expression was found to be positive in 33% of the analyzed PAs; p53 expression showed a significant positive correlation with the invasive status of these adenomas, with nearly 50% of the invasive specimens being p53 positive ( Table 1) .
Downregulation of aPaF-1 is associated with invasiveness in pituitary adenomas
APAF-1 expression was downregulated in most invasive PAs; thus, out of the 22 invasive adenomas, 14 were APAF-1 Table 2) . APAF-1 displayed very low expression in invasive adenomas. Since this protein plays a key role in the formation of apoptosome, its low expression "is reporting" for the modified apoptosis in aggressive tumors. This also correlates with the levels of pro-caspase-3 (lower in aggressive cases) and activated caspase-3 (lower in invasive adenomas), as well as with the levels of cytochrome C, as revealed by dot blot analysis (as shown below).
Overexpression of cathepsin B in correlation with invasive pituitary adenomas
Our results showed that cathepsin B was commonly overexpressed in invasive PAs, showing a granular pattern, and mostly lying on the plasma membrane. Cathepsin B was overexpressed in 13 out of 22 invasive adenomas (59.09%; P0.01). Regarding functionality, nine out of 16 functional adenomas were positive for cathepsin B (56.25%) (Figure 1D -E; Table 1 ).
Cathepsin B was upregulated in many cancers and, differently from normal cells (lysosomal location), associated with the cell surface. 30 The tumoral cathepsin B may further contribute to invasiveness via the activation of several matrix metalloproteinases, or by directly remodeling the extracellular matrix; 31 furthermore, in human glioma cells, downregulation of cathepsin B induces the upregulation of some proapoptotic genes and the suppression of antiapoptotic genes. 25 correlation between aPaF-1 and cathepsin B expression in pituitary adenomas -relationship with proliferation markers Ki-67 and p53
In order to investigate APAF-1 and cathepsin B as relevant biomarkers for pituitary tumor therapy, they were assessed separately, together, or in correlation with proliferation index Ki-67 LI, tumor suppressor protein p53, or clinical parameters, respectively. Results are presented in detail in Table 1 .
APAF-1 and cathepsin B expression showed an inverse correlation; ten out of 13 cathepsin B-positive samples were negative for APAF-1 (76.92%; P0.01), while 13 out of 16 Abbreviation: aPaF-1, apoptotic protease-activating factor-1.
APAF-1-positive samples were negative for cathepsin B (81.25%; P0.01). Our results regarding the downregulation of APAF-1 and the overexpression of cathepsin B in invasive PAs were confirmed by Western blot analysis (Figure 2).
The loss of APAF-1 expression was observed in 12 out of 20 cases with Ki-67 3 (P0.05). At the same time, cathepsin B was overexpressed in 60% of cases presenting Ki-67 3 (P0.01). Decreased expression of APAF-1 was shown in most of the invasive adenomas with a high proliferation index, while the cathepsin B level was elevated in this group (Figure 3 ).
Eight out of ten adenomas that were positive for p53 were APAF-1 negative (80%), while 14 out of 20 cases with p53 negative expression were APAF-1 positive (70%) (P0.05). While all p53-positive adenomas presented upregulation in cathepsin B expression, 17 out of 20 cases with p53-negative expression showed a decreased expression for cathepsin B (P0.001).
Proteome profiler for apoptosis by array analysis
In order to establish an overall perspective of the proteins involved in intrinsic and extrinsic apoptotic pathways, we also performed an array analysis of multiple apoptotic proteins. 
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Tanase et al Dot blot assay human apoptosis revealed a relevant pattern of expression, detailed in Figure 4 and Figure 5 . The results suggest an inhibition of the extrinsic apoptotic pathway in invasive PAs, revealed by a coincident decrease in apoptotic receptor expression for TRAIL-R1, TRAIL-R2, Fas, TNF-R1
(about a 1.5-fold change). Concomitantly, a low expression of proapoptotic proteins Bad, Bax, FADD, HTRA2/ Omi, and SMAC/Diablo was documented. The inhibition of apoptosis in invasive tumors is highlighted by a significant decrease in pro-caspase-3 expression -it was 2.5-fold and p27 (about a 1.5-fold change), and the low expression of p-RAD17, which is a protein required for the DNA damageinduced cell-cycle G2 arrest.
Discussion
In contrast to normal tissue homeostasis, tumoral development is characterized by an alteration of the balance between apoptosis and proliferation. Tumor growth and invasiveness are generally defined by an abnormal increase in mitosis paired with lower apoptotic rates. 18 The most important mechanisms of apoptosis involve the intrinsic apoptotic pathway -in which the mitochondria play a central part -and the extrinsic pathway, where the caspase cascade is triggered via a receptor-ligand-mediated mechanism. 22 The importance of apoptosome-related proteins (including APAF-1) as markers of tumor progression has been recognized in several types of solid cancers. 32, 33 Studies show that the roles played by APAF-1 in tumor biology are manifold, and are often different based on tumor type. 32, 34, 35 Several reports also stress the role of cathepsin B, showing that, when released from the lysosome, it has a proapoptotic effect. 36, 37 The present study is the first, to our knowledge, to analyze the expression of APAF-1 and cathepsin B in correlation with Ki-67 and p53, which are well-established predictive biomarkers of tumor development. APAF-1 expression was decreased in the most invasive PAs when compared with noninvasive ones. Low expression of APAF-1 was also characteristic of adenomas with a high proliferation index. Cathepsin B was expressed in more than half of the analyzed tumors, and was frequently localized in the plasma membrane, displaying a granular pattern. In relation to tumor invasiveness, an inverse pattern, similar to that with APAF-1, was observed with the expression of cathepsin B. Thus, the data show a negative correlation between APAF-1 and invasiveness (63.63% of invasive pituitary tumors were APAF-1 negative), and a positive correlation between cathepsin B and invasiveness (59.09% of invasive tumors were cathepsin B positive). Our results for APAF-1 suggest that the intrinsic mitochondrial pathway is inactivated in invasive adenomas. At the same time, cathepsin B, an enzyme involved in extracellular matrix degradation, was increased in these aggressive specimens.
Findings in different cancer types revealed similar features of APAF-1 and cathepsin B. Thus, in testicular germ tumors, APAF-1 expression decreased gradually, being correlated with the undifferentiated state of the tumor; 35 in ovarian cancers, the presence of APAF-1 was mentioned, but with impaired functionality. 38 Similar results were found in breast adenocarcinomas, where APAF-1 expression was downregulated, especially in tumors with a more severe histological grade. 39 In colorectal cancers, the reduced expression of APAF-1 was a late event in tumor progression, and it correlated with tumor invasion and metastasis; 34 APAF-1 was also found to be a potentially useful predictive marker that was positively correlated with better survival rates in patients receiving therapy. 32 Cathepsin B, a lysosomal protease that promotes tumor inception, development, and metastasis, was reportedly overexpressed in colorectal, prostate, breast, or brain cancers. 25, 37, 40, 41 It was well established that the overexpression of cathepsin B was correlated with the invasive status, enabling extracellular matrix degradation and the epithelialto-mesenchymal transition process. These findings highlight the therapeutic potential of targeting cathepsin B. 26, 37 Our results suggest a positive correlation between the proliferative activity and tumor invasiveness in PAs. At the same time, Ki-67 LI showed a statistical correlation with both APAF-1 (P0.05) and cathepsin B (P0.01). Previous data showed that invasive PAs have a higher Ki-67 LI, implying a higher growth rate than noninvasive PAs. 15, 29, 42 Our study demonstrates that markers along the extrinsic apoptotic pathway are significantly lower in invasive adenocarcinomas; 
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Our results suggest an inhibition of the extrinsic apoptotic pathway in invasive PAs, with a concurrent TRAIL-R1, TRAIL-R2, Fas, and TNF-R1 receptor expression decrease, as well as a low protein expression for proapoptotic proteins Bad, Bax, FADD, HTRA2/Omi, and SMAC/Diablo; similar results have been reported in other cancers. [43] [44] [45] [46] Membrane permeabilization is followed by subsequent cytochrome C release from the mitochondria to the cytosol. Cytochrome C, together with APAF-1, leads to the formation of a multiprotein complex, the apoptosome. This complex recruits and activates initiator caspases, eventually leading to the cleavage of pro-caspase 3 to active executioner caspase-3. Executioner caspases induce a series of changes characteristic of apoptosis. 47, 48 As shown by our protein array data, the inhibition of apoptosis in invasive pituitary tumors is also highlighted by a significant decrease in both pro-caspase-3 and cleaved caspase-3 expression. Further evidence for a lower apoptosis in invasive tumors is the decrease in the level of cytochrome C expression.
Altered expression of Bcl-2 family proteins was observed in pituitary tumors; Bcl-2 and Bax molecules were reported to play an important role in the regulation of apoptotic mechanisms. 10, 12, 49, 50 Our results are consistent with data showing that proapoptotic proteins Bax and Bad are low-expressed in invasive, as compared to noninvasive, adenomas. 51 The cell's decision to undergo apoptosis is determined by interactions between the three factions of the Bcl-2 protein family. 52 A higher expression of antiapoptotic Bcl-2 in invasive pituitary tumors has also been revealed accordingly in our study. Increased levels of Bcl-2 expression are associated with microvessel density, linking angiogenesis to the ability of tumor cells to survive, and they are also found in PA cells of murine models. 53 An interesting outcome of our study was that invasive PAs are characterized by a decreased expression of cellcycle inhibitors p21 and p27, and by the low expression of p-RAD17, a protein required for the DNA damage-induced cell-cycle G2 arrest. Decreased activity of p21 and p27 is suggesting that, in PAs, the invasive potential is paired with uninhibited tumor growth. Moreover, p21 (cip1/waf1) and p27 (kip1), two cyclin-dependent kinase inhibitors, are commonly downregulated in many human cancers, being correlated with poor prognosis. In vivo studies showed that p21 and p27 are involved in the prevention of tumor cell proliferation in glandular tissue neoplasms, including in the pituitary. Furthermore, p21p27-deficient mice present with high tumor incidence, multiorgan hyperplasia, and pituitary tumors, suggesting a collaboration between p21 and p27 in carcinogenesis inhibition. 54, 55 We observed a slight increase of survivin protein expression in invasive tumors. Survivin is an important inhibitor of apoptosis and the overexpression of survivin has been associated with invasiveness and proliferation in pituitary tumors. [56] [57] [58] The approach of a multiparameter panel of pro-and antiapoptotic molecules may lead to a better understanding of the apoptotic-proliferation balance and may prove to be a useful tool in targeted therapy.
Conclusion
To sum up, our results revealed a negative correlation between APAF-1 and invasiveness, and a positive correlation between cathepsin B expression and the invasive potential of PAs. A bidirectional and inverted relationship between APAF-1 and cathepsin B expression was noticed.
APAF-1 and cathepsin B, alongside other important apoptotic molecules and in correlation with well-established markers of tumor status, such as Ki-67 and p53, may represent a valuable panel for assessing PA behavior. The shift of balance between APAF-1 and cathepsin B as functional proteins in apoptosis, might be associated with changes in tumor behavior and suggests a possible use in diagnosis and follow up, as well as for potential therapeutic targets.
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